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A simple device based on the principle of frustrated total internal reflection was used to image
the regions of contact between rubber objects and a large area perspex waveguide. Measurements
of the intensity of light scattered at the interface were found to depend upon the magnitude of
the applied force, the mechanical properties of the contacting material and the roughness of the
contacting objects. The intensity/force response was found to have the same functional dependence
irrespective of the position on the waveguide surface, but to scale by an amount that was proportional
to the local intensity of light incident on the perspex/object interface. Once this spatial variation
in intensity had been calibrated, the waveguide could be used to perform optical measurements of
the forces/pressures exerted on the surface of the waveguide and to generate spatial maps of the
pressure at frame rates up to 200 Hz. The resulting optical force platform was used to measure the
time dependent evolution of the pressure distribution beneath a foot and a sports shoe during a
foot strike event. A simple theory was developed to describe the light scattering phenomenon and
to explain the relationship between the scattered light intensity and the applied force.
I. INTRODUCTION
Frustrated total internal reflection (FTIR) imaging is
a simple optical technique which uses light to detect con-
tact between an object and a surface. The design prin-
ciples that underpin the technique are relatively simple.
Light is totally internally reflected inside a slab of a trans-
parent material such as glass or perspex (the waveguide)
[1] which has a higher refractive index than the surround-
ing ambient material (see figure 1). Total internal reflec-
tion is achieved by ensuring that the angle of incidence
of light hitting the interface between the slab material
and the ambient is always greater than the critical angle,
θc. The condition which sets the critical angle is given by
sin θc =
na
ns
, where na, ns are the refractive indices of the
ambient and slab materials respectively [2]. The bound-
ary conditions experienced by the light being reflected
inside the waveguides are such that evanescent waves are
generated at the slab/ambient interface which propagate
in the plane of the slab. The electric field amplitudes as-
sociated with these evanescent waves decay exponentially
away from the interface and into the ambient material.
This exponential decay of the field amplitudes occurs over
distances on the order of the wavelength of the light that
is used to excite the waveguide [2].
If an object is brought to within a wavelength or so of
the slab, then it is possible for the evanescent waves to
interact with the object in the regions of contact. There
are two ways in which this can occur; either light will
simply be transmitted into the material and escape the
waveguide and/or it will be scatterred as a result of in-
teractions with objects inside the contacting material.
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Transmission into the contacting material can occur
when it has a higher refractive index than the ambi-
ent surroundings. Changing the refractive index at the
boundary for a higher value increases the value of θc
and some of the light that was previously incident at an-
gles greater than the critical angle may now be allowed
to escape the waveguide. In the case of scattering, the
complex part of the refractive index adds an oscillatory
component to the exponentially decaying fields associ-
ated with the evanescent wave and results in a propagat-
ing (scattered) waveform [3]. Both mechanisms result in
light escaping from the waveguide and this can be de-
tected by a camera or other detector placed either above
or below the waveguide (depending on whether the light
is transmitted or back scattered by the object). Under
such conditions, the total internal reflection condition is
said to have been frustrated by the presence of the ob-
ject. This frustration occurs only in the regions where
the object comes to within a wavelength or so of the sur-
face, thus making the technique highly surface sensitive.
As a result of this surface sensitivity, the technique has
found a number of applications in the study of interfacial
phenomena involving colloids and nanoparticles as part
of what is more widely referred to as evanescent wave
scattering [4].
The highly surface sensitive nature of FTIR imaging
has also been exploited to image the contact between mi-
croscopic objects [5] and rough surfaces [6], to measure
the gait of small animals [7] and insects [8]. It has also
been used for the development of touch sensitive con-
trollers [9], in the imaging of shoes for forensic applica-
tions [1] and fingerprint imaging for biometric identifica-
tion [10].
Betts and Duckworth [11, 12] were among the first
to identify that FTIR can be used to measure contact
forces. They observed an increase in brightness of the
2FIG. 1: Construction of the waveguide imaging element.
a) Load cells were placed beneath a perspex waveguide
and a camera used to image the interface between the
waveguide and a contacting object. b) Ultrabright red
LEDs were wrapped around the outside edge of the per-
spex. Cylindrical elastomer pucks and hemispheres were
pressed into contact with the waveguide under varying
axi-symmetric loads. c) The edges of the waveguide were
masked with black tape to ensure that light incident on
the perspex/air interface at an angle less than the crit-
ical angle, θc was not allowed to propagate inside the
waveguide. d) A series of images showing the contact
region observed by the camera in colour (top row) and
in greyscale following background subtraction (bottom
row). The corresponding values of the applied force are
given next to each set of images. The scale bar is 2.5mm
in all of the images shown.
contact regions between human feet and a waveguide as
the plantar pressure beneath the foot was increased. At
the time, digital cameras were not readily available and
processing the image data was difficult. However, recent
advances in machine vision technology have meant that
digital cameras and software have become relatively in-
expensive. This has resulted in a renewal of interest in
the use of the technique as a force sensor, with recent
experiments to study the pressure distributions beneath
car tyres [13] and geckos feet [14]. While these studies
have demonstrated the feasibility of the technique, little
has been done to explore the mechanisms that underpin
the physics of FTIR imaging as a force sensor and how
changing properties such as the colour, stiffness and sur-
face roughness of the contacting objects influences the
force/intensity response that is obtained.
It is most likely that the force sensitivity of the tech-
nique originates in variations in the degree of conformal
contact between an object and the waveguide as an in-
creasing load is applied. As the majority of surfaces are
rough, total conformal contact is rarely achieved when
two surfaces are pressed together. However, deformation
of asperities on the surface of the objects leads to a grad-
ual increase in the area of contact. In the context of FTIR
imaging, this increase in area will lead to an increase in
scattering intensity as the applied force is increased. De-
formations in the material contained within the asperities
will also lead to changes in the equilibrium separation of
any scattering objects within them. This change in the
local density of scatterers with varying strain is also likely
to affect the intensity of light that is scattered.
The details of the contact mechanics process between
two surfaces have been considered for a range of differ-
ent contacting geometries and for surfaces with different
roughness. Among the most simple of the theories is that
of Hertzian contact mechanics [15]. This theory describes
the evolution of the area of contact between two smooth
surfaces having arbitrary radii of curvature. This is de-
scribed in terms of the applied load as well as the Young’s
moduli and Poisson ratios of the contacting materials.
While being useful for describing the macroscopic contact
between surfaces, this simple theory fails to adequately
describe the mechanics of contact on length scales that
are comparable to that of the roughness of the surface.
On these length scales, the contact mechanics of individ-
ual asperities have been demonstrated to be important
in describing the true area of contact [6]. More sophis-
ticated theories have therefore been developed to try to
bridge the micro to macro scale gap in our understanding
of contact mechanics processes. One of the more promi-
nent theories which has proven useful in describing the
contact between rough surfaces was presented by Green-
wood and Williamson [16, 17]. This theory considers the
effects of roughness by modelling a surface as if it were
covered in a series of asperities with a fixed radius of
curvature. These spherical asperities have centres whose
positions have a Gaussian distribution with respect to
some average position (i.e. the surface itself). Hertzian
theory is then used to describe the deformation of indi-
vidual asperities and to predict the true area of contact
when a known load is applied. A potential limitation of
this theory is that it uses a single value for the mean
radius of curvature to describe all the asperities on the
surface. This means that detailed information about the
distribution of radii of surface asperities needs to be ob-
tained before a meaningful value of the average radius
can be obtained.
In reality, surfaces have roughness that spans a broad
range of different length scales and models that consider
only a single length scale for roughness would appear
to have limited applicability. A theory developed by
Persson [16, 18] considers the entire spectrum of surface
roughness and develops the details of the stress distribu-
tion beneath asperities at different magnifications. Pers-
son’s theory has been shown to give improvements in
the predicted values of quantities such as the true area of
contact and to be applicable over ranges of applied forces
where the more simple theories break down.
The sensitivity of the FTIR contact imaging technique
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for testing the predictions of the different contact me-
chanics theories. However, it also has potentially exciting
applications for mapping the force/pressure distribution
beneath objects with complex geometries such as hands
and feet [11], tyres [13] and shoe out soles [1] if the de-
tails of the combined contact mechanics and light scat-
tering processes can be better understood. In the case of
sports shoes, observing areas of contact between the out
sole and the ground can be instrumental in optimising
footwear shape, tread pattern and stud placement [19].
Competing pressure plate technologies typically in-
volve the use of mats of electrically addressable elements
that are made of piezoelectric, resistive or capacitive de-
vices [20]. These can be expensive and their spatial reso-
lution is often limited by the size of the elements within
them. In addition, they are often opaque and prevent op-
tical access for visualisation of the contact regions. This
is often desirable in contact mechanics experiments and
for inspection purposes. In the case of FTIR imaging,
the spatial resolution is set by the size of the pixels,
the area of the sensor on the camera as well as the op-
tics used to image the contact regions. All of these can
be chosen to optimise the technique for a given appli-
cation. Moreover, the imaging aspects of the technique
allow for direct visualisation of the contact regions. How-
ever, one thing that has limited the use of the technique
as a force/pressure measurement device has been a lack
of detailed understanding of how the properties of the
waveguide and the contacting material influence the in-
tensity/force response.
In this study a simple light scattering theory is de-
veloped to try to predict the form of the intensity-force
response when soft surfaces are pressed into contact with
a solid perspex waveguide. Hertzian contact mechan-
ics is used in combination with Rayleigh light scattering
theory to predict the scattering response of individual
asperities on a surface as they deform under an applied
load. The theory is used to predict how the scattering
intensity varies as a function of the applied load and the
mechanical, physical and optical properties of the con-
tacting surface. The predictions of this simple theory
are compared to a series of contact mechanics experi-
ments on elastomer samples with different surface rough-
ness, Young’s modulus and scatterer concentrations. The
work is then extended to use the FTIR imaging technique
to measure the pressure distribution beneath contacting
objects with more complex geometries. These include
spherical indenters, human feet and the out sole of a
sports shoe. A high frame rate camera was used to map
the force distributions beneath these objects at speeds of
up to 200Hz and to provide details of the evolving load
pressure distribution under dynamic loading conditions.
II. EXPERIMENTAL
A. Waveguide Construction
The waveguide imaging element used in this work was
prepared by wrapping ultrabright red LEDs (632 nm, RS
Components Ltd #153-3625) around the outside edge of
a 200 mm × 300 mm × 15 mm piece of perspex as shown
in figure 1. Prior to wrapping the LEDs, the edges of
the perspex piece were roughened with abrasives to give
uniform/diffuse scattering of the light. The LEDs were
then tighly wrapped in such a way that they were sep-
arated by a distance of 15 mm around the periphery of
the perspex. Once the LEDs had been attached, the per-
spex was wrapped in black electrical tape in such a way
that it covered the outside edge and masked a small por-
tion of the large faces (as shown in the figure 1). This
was done to secure the LEDs to the edge of the perspex
and to ensure that any light that was incident on the
perspex/air interface at an angle smaller than the criti-
cal angle for total internal reflection was prevented from
propagating inside the waveguide. The masked perspex
element was then placed on top of four resistive load cells
connected together in a bridge circuit and whose resis-
tance was measured using a National Instruments USB-
6000 data acquisition (DAQ) card connected to a PC
running LabView (National Instruments). A Basler ACE
AC800-510uc USB 3.0 camera with a fixed focal length
lens (f=5 mm, Computar) was then placed 170 mm below
the waveguide and used to image its top surface through
the perspex piece. The camera was also connected to the
same PC as the DAQ card and images acquired using
software written in LabView. The entire apparatus was
mounted on a sturdy aluminium frame and was used for
the majority of the experiments described below
A second larger waveguide having dimensions of 600
mm × 600 mm × 25 mm was also constructed in a similar
way. Once again, 632nm LEDs were wrapped around the
periphery of a large piece of perspex, masked with black
electrical tape and the whole assembly mounted on top
of resistive load cells. An identical camera was used to
image the top surface of the waveguide from beneath and
a similar DAQ card was used to obtain force readings
from the load cells. This second apparatus was used to
image the contact between a foot and sports shoe outsole
and the surface of the waveguide during dynamic loading
experiments involving a foot strike event.
Under conditions of zero contact, the light generated
by the LEDs remained confined inside the perspex waveg-
uides as a result of total internal reflection at the per-
spex/air interface. However, when an object was placed
in contact with the perspex, a region of scattered light
was observed by the camera. Moreover, the intensity of
the scattered light increased with the applied force. This
occurred only in the regions where the object touched
the waveguide (see figure 1). The presence of scatter-
ers or dye molecules in the contacting object results in
scattering of the exponentially decaying evanescent field.
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in the contact regions and results in a propagating scat-
tered light wave which can be detected by a camera (see
figure 1). The regions containing the scattered light were
separated from any background by subtracting the blue
and green channels from the red channel in the images
that were acquired by the camera. This background sub-
traction procedure resulted in a series of 8-bit greyscale
images whose pixel intensities were found to increase with
the force applied to the surface of the waveguide (see fig-
ure 1d). While narrow band-pass optical filters could
have been placed in front of the camera and used to im-
age only the wavelength of interest (632 nm), this sim-
ple background subtraction technique proved to be more
than adequate for removing the effects of background
lighting.
B. Sample Preparation
Cylindrical pucks having a diameter of 5mm and length
10mm were prepared from Sylgard 184 Silicone (PDMS,
Dow Corning) elastomer. The pucks were cast by mixing
the Sylgard resin and crosslinker together with a com-
mercially available red silicone dye (Polycraft red sili-
cone pigment, MBFG) before pouring into 30mm diame-
ter cylindrical molds. The bottom face of the cylindrical
mold was covered with abrasive (sand) paper having a
range of different grit sizes in order to produce cured
elastomer samples with different surface roughness val-
ues. All samples were cured at a temperature of 120oC
for 1 hour in an oven at ambient pressure. The Young’s
moduli of the elastomer samples were varied by changing
the resin:crosslinker ratio used to prepare the elastomer.
The concentration of scatterers was varied by adding dif-
ferent quantities of dye to the mixtures. The 5mm di-
ameter pucks were cut from the larger cylinders using a
cork borer. Measurements of surface roughness of the
samples were performed using a zeta-20 optical profiler
(Zeta Instruments) .
The Youngs moduli of the elastomer samples were mea-
sured using hemispheres of the same materials which
had been cast into 30mm diameter smooth hemispher-
ical molds. The hemispheres were cured and pressed into
contact with the waveguide surface using a metal plate
attached to the back of the samples. Measurements of
the area, A, of the circular contact patch that devel-
oped between the hemisphere and the waveguide were
obtained as a function of the applied force, F , measured
by the load cells (see figure 2). The Young’s modulus
of the elastomers, E, was extracted by plotting F ver-
sus A
3
2 according the the predictions of Hertzian contact
mechanics [15]
F =
4E
3R(1− ν2)
(
A
pi
) 3
2
(1)
where R is the radius of curvature and ν is the Pois-
son ratio of the hemisphere (taken as 0.499 [21, 22]
for Sylgard 184). Values of E = 0.475 ± 0.002MPa,
0.811± 0.05MPa and 1.577± 0.009MPa were obtained
for resin:cross linker ratios of 30:1, 20:1 and 10:1 respec-
tively. These values were found to be in agreement with
measurements obtained by other authors [21, 22].
FIG. 2: Hertzian contact mechanics plots for dye doped
elastomer hemispheres having resin:crosslinker ratios of
10:1 (green squares), 20:1 (blue diamonds) and 30:1 (red
circles). The Young’s modulus values of the dye doped
elastomers were obtained from the slopes of the linear fits
to these plots using equation 1 and are given as insets.
The number density of dye molecules was 3 × 1026m−3
in each case.
Contact experiments were also performed using the
5mm diameter elastomer pucks (see figure 1b and d).
These samples were pressed into contact with the waveg-
uide surface under varying loads. Care was taken to en-
sure that the applied forces were uniformly distributed
across the surface of the pucks during loading. In each
case, short movie sequences of the evolving contact were
obtained and the average pixel intensity in the contact
region was recorded by the camera. A series of images
similar to those shown in figure 1d were obtained. Simul-
taneous measurements of the applied force were obtained
using the signals from the load cells. Plots of the aver-
age intensity per pixel versus the average force per pixel
similar to those in figure 3 were generated for pucks with
different dye concentrations as well as different surface
roughness and Young’s modulus values.
5FIG. 3: Measured light intensity as a function of the
applied load when 5mm diameter cylindrical pucks were
pressed into contact with the perspex waveguide surface.
Data are shown for pucks with measured Young’s moduli
of 0.475±0.002MPa (red circles), 0.811±0.05MPa (blue
diamonds) and 1.577 ± 0.009MPa (green squares). The
solid lines are simulations of the intensity/force response
obtained from calculations using equation 10 with the
same Young’s modulus values. In each case the RMS
roughness of the samples was 57.7± 3.9µm and values of
R = 50µm were used in the calculations. The number
density of dye molecules was 3× 1026m−3 in each case.
C. Calibration of the Waveguides
Some small amount of variation was observed in the
waveguide scattering intensity due to natural variations
in the intensity of light confined inside the waveguide
and due to leakage caused by scratches and defects on
the perspex surfaces. These combined factors caused the
magnitude of the scattering intensity to vary with the
position even though the shape of the intensity versus
force curves was the same at different points on each
waveguide surface. Natural variations in the waveguide
intensity can be mitigated to some extent by changing its
shape (e.g. using a circular waveguide rather than a rect-
angular one). However, these variations are stiil present
and still need to be calibrated regardless of the waveg-
uide geometry. The ease of manufacture associated with
building a rectangular frame to support the waveguide
used here far outweighed any small benefits that would
have been gained by using a a waveguide with a different
shape. Small scratches on the waveguide surface present
potentially greater problems than effects due to the shape
of the waveguide when it comes to introducing spatial
variations in the scattering intensity. Scattering due to
small surface scratches was often observed when viewing
the waveguide at an oblique angle (i.e. away from normal
incidence). However, the same scratches were not visible
when viewed at normal incidence by the camera. This in-
ability to detect the scratches when viewing at normal in-
cidence was found to give the FTIR imaging technique a
certain degree of resilience to small surface defects. How-
ever, the fact that these scratches scattered light away
from the viewing direction of the camera caused small
local variations in the scattered light intensity in the re-
gions of the scratches which needed to be calibrated. In
order to calibrate the spatial variations in the scattering
intensity that were caused by both scratches and natu-
ral variations in the waveguide intensity, measurements
of the scattering intensity per pixel versus the force ex-
erted per pixel region similar to those shown in figure
3 were obtained at different positions on the waveguide
surfaces. The scaling factor required to collapse all the
intensity/force response recurves on to a sinlge master
curve was recorded as a function of position and was used
to correct the images to obtain a uniform intensity-force
response when collecting data using the camera.
The area on the waveguide surfaces that was probed by
each camera pixel was also determined. This was done by
taking pictures of a ruler placed at different positions on
the surfaces of the waveguides and measuring the number
of pixels corresponding to a known length in the images.
The area probed by each pixel was then calculated by
squaring the length per pixel. Each pixel was found to
correspond to an area of 0.033mm2 on the surface of the
smaller waveguide and 0.182mm2 on the larger waveg-
uide.
III. RESULTS AND DISCUSSION
The origin of the force sensitive light scattering phe-
nomenon observed during frustrated total internal reflec-
tion can be interpreted in terms of changes in the con-
formity of contact between an object and the waveguide
surface. Deformation of asperities on the surface of an ar-
bitrarily rough object will lead to both an increase in the
area of contact between an asperity and the waveguide
as well as a change in the local density of scatterers close
to the interface. The local contribution to the intensity,
dIs, of light scattered from a region within an asperity
and measured by the camera can be obtained using the
Rayleigh formula [23]
dIs =
8pi4Iα2(1 + cos2 θs)Ns
λ4D2
(2)
where I is the intensity of light incident on the per-
spex/asperity interface, α is the volume polarisability of
the scatterers in the object, θs is the scattering angle
(see inset figure 3), Ns is the number of scatterers upon
which the light is incident, λ is the wavelength of the
6incident light and D is the distance between the camera
and waveguide/asperity interface.
The intensity of light associated with the evanescent
waves that are generated by total internal reflection
at the interface between the asperity and the perspex
waveguide can be written in the form
I = Io exp
(−4pino cos θrz
λ
)
(3)
where Io is the value of the intensity at the waveg-
uide/asperity interface, no is the refractive index of the
contacting asperity, z is the distance inside the asperity
as measured from the interface (see inset figure 3) and
cos θr is given by the relation
cos θr =
((
nw
no
)2
sin2 θi − 1
) 1
2
with nw being the refractive index of the waveguide
and θi the angle of incidence (= θs for the geometry
chosen here, see inset figure 3).
The number of scattering objects in a small volume el-
ement at a distance z from the interface, having a thick-
ness, dz, can be written as Ns = φAdz where φ is the
local number density of scatterers and A is the cross sec-
tional area of the volume element. The number density,
φ, in the deformed asperity can be related to the num-
ber density in the undeformed asperity, φo, and the local
strain in the z direction, z, by the formula
φ =
φo
1− (1− 2ν)z (4)
If each asperity on the surface of the contacting object
is approximated as being a hemisphere of radius, R, the
strain in the sphere can be obtained from the contact me-
chanics of spherical objects under axi-symmetric loading.
If an axi-symmetric force, F , is applied to the spherical
asperity this will result in a circular contact patch of ra-
dius, a with a radially symmetric strain field inside the
sphere, z = z(z, r) of the form [15, 24],
z =
1
E
(
(1− ν)σz − 2ν (1 + ν)σo z
a
[
tan−1
(
a√
u
)
− a√
u
])
(5)
where E and ν are the Young’s modulus and Poisson
ratio of the asperity material respectively and
u =
1
2
{
r2 + z2 − a2 +
√
(r2 + z2 + a2)
2
+ 4a2z2
}
(6)
σz = σo
(
z√
u
)3
a2u
u2 + a2z2
(7)
σo =
3F
2pia2
(8)
a =
(
3FR
(
1− ν2)
4E
) 1
3
(9)
Combining equations 2 to 9 and using the fact that the
cross sectional area of a small element at a radius, r, is
A = 2pirdr, gives an expression for the total scattering
intensity from a single asperity as
Is =
16Iopi
5φoα
2(1 + cos2 θs)
λ4D2
∫ ∞
0
∫ a
0
exp
(−4pino cos θrz
λ
)
rdrdz
1− (1−2ν)E
(
(1− ν)σz − 2ν (1 + ν)σo za
[
tan−1
(
a√
u
)
− a√
u
])
(10)
If each asperity occupies a region on the surface of area
∼ 4R2 then the force exerted on a region of the surface
that is imaged by a single pixel, Fpp, can be approximated
using the expression
Fpp = F
Ap
4R2
(11)
Similarly, the intensity measured per pixel, Ipp, can be
written as,
Ipp = Is
Ap
4R2
(12)
where Ap is the area of the surface of the waveguide
that is probed by a given pixel on the camera.
The result obtained from calculation of the integrals
in equation 10 can be compared directly to the results
of the loading measurements obtained using the 5mm
puck samples. However, the intensity measured by the
camera is converted to arbitrary units by the camera’s on
board A-D conveter. As such the integrals in equation 10
need to be multiplied by a constant value which captures
this scaling. For all the data shown in figure 3, a single
prefactor value of 3.3×1016 was used to scale the results
of the calculations for comparison with the data.
Equation 10 can be used to make predictions about the
effects of changing parameters such as the Young’s mod-
ulus, roughness (via information about the curvature of
surface asperities) and the effects of changing dye concen-
tration. The results of calculations based on equations
710, 11 and 12 are shown in the plots in figure 3 for cylin-
drical pucks with different Young’s modulus values. The
calculations shown were performed using values of the
Young’s modulus that were the same as those measured
in figure 2 and using a value of R similar to the RMS
roughness of the surfaces. The calculated Ipp versus Fpp
curves were found to agree well with the measured data
and to predict the correct dependence on the Young’s
modulus of the contacting material. The data and cal-
culations both show that as the Young’s modulus of the
asperity material is decreased, the light scattering inten-
sity increases. This is because low modulus materials
deform more easily giving rise to a greater area of con-
tact between each asperity and the waveguide (according
to equation 1). Lower moduli also result in increased
compressive strains being generated within the asperities
when a given force is applied. These increased strains
give rise to a reduction in the distance between scattering
objects and hence an increase in the number density of
scatterers (see equation 4). The combined effects are that
a larger scattering intensity is obtained as the modulus
is decreased (for a given applied force) and the surfaces
are able to to attain conformal contact more easily.
The range of validity of equation 10 in describing the
intensity/force response is set by limitations of the con-
tact mechanics approach that is used to describe the de-
formations in the asperities. According to approxima-
tions made in Hertzian contact theory [15], the expres-
sion for the contact area is only valid when the contact
radius is much smaller than the radius of curvature of the
contacting object i.e. a << R. In this limit, the equation
which relates the force exerted on an asperity to the con-
tact patch radius (equation 9) requires that equation 10 is
only valid when F < 4R
2E
3(1−ν2) . Hence the approximations
are only valid when the force exerted per pixel region
obeys the condition that Fpp <
EApp
3(1−ν2) . For the setup
used here the upper bound on this force is ∼ 15mN . The
forces used in figure 3 are at least an order of magnitude
smaller than this limit and fall well within this range.
The effects of changing the roughness of the elas-
tomer pucks on the shape of the Ipp versus Fpp were
also explored. Figure 4 shows plots of Ipp versus Fpp for
elastomer pucks that were cured while in contact with
different grades of abrasive paper. Elastomer surfaces
with root mean square roughness values in the range
8.0 ± 0.1µm to 57.7 ± 3.9µm were prepared and stud-
ied. No systematic roughness dependence was observed
in the Ipp vs Fpp curves shown in figure 4. This result is
perhaps counter intuitive at first but calculations using
equation 10 also predict that the calculated Ipp versus
Fpp curves are independent of the radius of curvature
of the asperities. At high loading (Fpp greater than a
few mN) the calculated curves start to deviate from the
measured curves due a breakdown in the validity of the
approximations used in deriving the mechanical response
of the asperities. However, the intensity/force response
curves continue to behave in a similar way and have no
FIG. 4: Intensity/force response per pixel for elastomer
pucks with different root-mean-square (RMS) roughness
values. Data are shown for 5mm diameter pucks with
RMS roughness values of 8.1 ± 0.2µm (white circle),
15.3±1.1µm (white squares), 34.5±0.7µm (white stars)
and 57.8±3.9µm (black triangle). The red line shows the
results of calculations based on equation 10. The calcu-
lated intensity-force response per pixel is independent of
the value used for the radius of curvature of the asperi-
ties for values. Calculations are shown for values in the
range 0.01µm < R < 100µm. The Youngs modulus of
the elastomer was E = 1.577± 0.009MPa and the num-
ber density of dye molecules was 3× 1026m−3 for each of
the samples.
systematic dependence on RMS roughness.
The assumptions made here in relating a surface cov-
ered in asperities with a fixed radius of curvature to the
RMS roughness are rather simplistic. Real surfaces have
roughness on a broad range of length scales and captur-
ing the contact mechanics of such surfaces using more
sophisticated and elegant models has been the result of
work by previous authors [16–18]. However, while the
RMS roughness and radius of curvature of the surface
asperities are not exactly equivalent, they are related -
increasing the radius of curvature of surface features will
give larger RMS roughness values. Hence the prediction
that the intensity/force response per pixel is independent
of the radius of curvature of the surface features appears
to be consistent with the lack of systematic roughness
dependence observed in figure 4.
A more simplified version of the scattering theory
which approximates the strains in the asperity using near
surface displacements can be used to obtain an approxi-
mate analytical solution for the intensity/force response
8measured by an individual pixel on the camera (see ap-
pendix A). This simplification of the theory gives further
insights into the lack of sensitivity of the FTIR imaging
technique to variations in roughness. It predicts that the
scattering intensity from a single asperity (equation A3)
depends upon the square of the radius of curvature of the
surface features. However, when the average intensity
per pixel is calculated using equation 11, the dependence
upon R disappears (see equation A4). The physical in-
terpretation of this result is based upon differences in
areal number density of asperities with different radii of
curvature. Asperities with small radii of curvature will
have larger areal number density than larger ones. As
a result, any reduction in scattering intensity that arises
due to a smaller asperity size will be compensated by the
higher number density when averaging over large areas
of the surface. Hence, differences in the areal density
of asperities with different radii of curvature result in a
scattering intensity which does not depend upon the lo-
cal roughness/radius of curvature when the contributions
from many asperities are averaged in a single pixel. In
the limit of small forces, the simplified version of the the-
ory also predicts that the scattering intensity per pixel
has a simple power law dependence on the applied load
and predicts that the slope of the Ipp versus Fpp varies
inversely with the Young’s modulus of the contacting ma-
terial (see equation A5). Again this is consistent with the
results presented in figure 3.
Both equations 10 and A4 also make predictions about
the influence of changing the dye concentration on the
shape of the Ipp versus Fpp plots. According to both
these equations, the dominant contribution to the scat-
tering intensity should arise due to the factor of φo in the
numerator. Figure 5 shows three different Ipp versus Fpp
plots that were generated using elastomer pucks with dye
concentrations that vary by a factor of 100. The inset to
this figure shows a plot of the prefactor that was used to
scale the calculations performed using equation 10 in or-
der to obtain the best fits to the data. As the inset shows,
the dependence is such that the prefactor/multiplier that
was used increases with dye concentration, but it is not
linear in φo. The lack of linearity in φo that is observed
in the measurements could represent a limitation of the
theory introduced above. However, there may also be
other reasons why the scattered light intensity may not
scale linearly with the dye concentration. One possi-
ble factor that has not been accounted for could lie in
the mechanism responsible for the exponentially decay-
ing light intensity inside the contact regions. For exam-
ple, increasing the dye concentration could be expected
to influence the penetration depth via changes in the re-
fractive index of the elastomer. Any such concentration
dependence would influence the prefactor in equation A4
via no in the denominator. However, measurements of
the refractive index of the elastomer performed using an
Abbe refractometer showed that the real part of the re-
fractive index of the elastomers did not vary significantly
with the concentration of dye.
It should be mentioned that evanescent waves are not
the only way that an exponentially decaying intensity
profile, similar to that in equation 3, can be obtained. A
propagating wave solution is also capable of generating
an exponentially decaying waveform when scattering or
absorption occurs in the material. Both of these mecha-
nisms will attenuate an incoming light wave and will give
rise to an exponentially decaying intensity whose length
scale is set by the attenuation coefficient/complex part
of the refractive index [3]. Such a mechanism would not
influence the form of the equations presented here but it
would change the magnitude of the decay length in equa-
tion 3. The net result of this other mechanism would be
to replace the real part of the refractive index no with the
imaginary part of the refractive index in the denominator
of equation A4. The complex part of the refractive in-
dex is expected to depend upon the concentration of dye
in the elastomer (via the Lambert-Beer law) and hence
this would modify the concentration dependence of the
scattering intensity predicted by equations 10 and A4.
It is feasible that some of the light incident on the per-
spex/asperity interfaces used here could have been trans-
mitted into the asperities and scattered. The change in
boundary conditions caused by bringing the elastomer
into contact with the waveguide results in a change in
the critical angle from that of the perspex/air interface
(θc ∼ 42o) to a new value of ∼ 71o based upon the PDMS
and perspex having refractive indices of 1.41 and 1.495
[25] respectively. The masking of the waveguide used in
these experiments was such that that all angles of in-
cidence greater than ∼ 69o were allowed to propagate
inside the waveguide under conditions of zero contact.
Some small proportion of the light with angles of inci-
dence between 69o and 71o could therefore have been
refracted into the contacting objects and scattered via
this mechanism.
An alternative cause of the weaker than expected con-
centration dependence in figure 5 could have been gen-
erated by excess scattering around the periphery of the
pucks. As shown in the insets in figure 5 the edges of
pucks with the lowest dye concentration demonstrated
larger amounts of scattering than was observed in the
central regions. When averaged over the entire con-
tact region, this has the effect of increasing the average
scattering intensity per pixel. The reasons for the non-
uniform distribution of the scattering intensity observed
in these samples are not entirely clear. However, such an
effect could arise if the samples were slightly concaved,
or if they experienced a degree of surface buckling when
pressed into contact with the waveguide surface.
What is clear from the experiments and calculations
performed above is that Ipp versus Fpp curves have a
self similar shape that scales with Young’s modulus, the
concentration of scattering objects and the optical prop-
erties (refractive index and volume polarisability) of the
contacting material. The predicted scaling of the inten-
sity/force response on these parameters is such that the
force sensing technique should also work with other mate-
9FIG. 5: Intensity/force response per pixel for elas-
tomer pucks with different dye concentrations. Data are
shown for 5mm diameter pucks having number densi-
ties of dye molecules of 3 × 1026m−3 (green squares),
3 × 1025m−3 (blue diamonds) and 3 × 1024m−3 (red
circles). The Youngs modulus of the elastomer was
E = 0.475 ± 0.002MPa and the RMS roughness was
39.1± 8.9µm for each of the samples studied. The solid
lines represent the results of calculations performed using
equation 10 with the same values of E and R. The inset
shows a plot of the prefactor that was used to scale the
calculations to fit the data as a function of the number
density/concentration of the dye.
rials. In fact, the above analysis implies that the amount
of light scattered by a contacting object should scale in a
similar way regardless of the type and colour of the mate-
rial being brought into contact, providing that it deforms
more readily than the waveguide material.
The details of the sensitivity/prefactor in the limit of
small forces will be determined by the Youngs modulus,
optical properties and local intensity of the light inci-
dent on the waveguide according to equations 10 and
A4. This implies that if the spatial response of the in-
tensity of the waveguide can be calibrated across its sur-
face, measurements of the intensity/force response can
be used to calibrate the force sensing properties of the
device for each new material. As such, each pixel on the
camera can be used as an individual force sensor. Once
each pixel has been calibrated the scattering from the
waveguide obtained during contact can be used to map
the force/pressure distributions beneath more complex
objects than the flat elastomer pucks described above.
Moreover, if a high frame rate camera was used, these
images could be acquired quickly enough to perform dy-
FIG. 6: Calibration of variations in intensity/force re-
sponse at different positions on the waveguide surface.
Panel a) shows measurements of the intensity per pixel
vs. the force per pixel at positions A (red circles), B
(green circles), C (red squares), D (blue squares) and E
(blue circles) when the small flat punch was pressed into
contact with the waveguide surface (see insets panel b).
The main plot in panel b) shows how the scaling factor
required to collapse the intensity-force curves onto a sin-
gle master curve (panel c) varies as a function of position
on the waveguide. The red data points in panel b) repre-
sent scaling factors for intensity-force curves measured at
each position shown. The surface plot represents a 3rd
order polynomial surface fit to the scaling factor data.
The fit to the scaling factors was used to calibrate out
spatial variations in the waveguide response as shown in
panel c). The collapsed data sets were then fitted to the
functional form given by equation 14 (solid line).
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namic measurements of the evolving force/pressure dis-
tribution beneath a soft object.
To test this hypothesis and to see if the approach de-
scribed above works with other materials and waveg-
uides, a separate, larger perspex waveguide having di-
mensions of 600mm x 600mm x 25 mm was used. Red
(632 nm) LEDs were wrapped around its outer edges and
were masked in a similar way to that shown in figure
1. A number of samples including a 20 mm diameter,
white cylindrical polyurethane (PU) foam punch, a series
of coloured PU hemispheres and a white rubber hemi-
sphere were pressed into contact with the top surface of
the waveguide using an axi-symmetric loading geometry.
This ensured that the pressure distributions beneath the
samples were radially symmetric during loading. The
contact regions between the objects and the waveguide
were then imaged using the camera (see figure 1) and
the total force simultaneously measured using load cells.
Background subtraction in the images was again per-
formed by subtracting the blue and green colour channels
from the red colour channel to produce greyscale images
containing only the regions of contact.
In order to calibrate the intensity/force response of
the new waveguide, the small cylindrical (PU) punch was
pressed into contact with the waveguide at different posi-
tions on its surface and the grey scale intensity measured
as a function of the applied load at multiple x and y posi-
tions. A similar calibration procedure was also performed
on the smaller waveguide. In each case, the average in-
tensity per pixel, Ipp(x, y), in the contact region was plot-
ted against the average force exerted per pixel, Fpp(x, y).
The intensity/force response was found to have a simi-
lar functional form (see figure 6a) to that observed with
the dye doped elastomer pucks on the smaller waveguide.
However, the slope of the curves was found to be differ-
ent to that obtained from the red elastomer pucks and to
vary by a simple numerical scaling factor that depended
upon the position on the waveguide surface. The mag-
nitude of the intensity scaling factor, k(x, y), required to
collapse all the intensity/force response curves taken at
different positions (figure 6a) on to a single master curve
(figure 6c) was determined at each point on the waveg-
uide surface. The spatial variation of this scaling factor
was fitted to a third order polynomial surface (see figure
6b) and used to calibrate the intensity variations across
the waveguide surface. This calibration was performed
by multiplying the grey scale intensities in each pixel in
the image such that the new intensity, Im(x, y) was given
by
Im(x, y) = k(x, y)Ipp(x, y) (13)
In this way, the positional dependence of the intensity
scaling factor, k(x, y), was used to correct the greyscale
images so that the intensity/force response was the same
at all points in the images. Having calibrated the spatial
intensity response of the waveguide, the imaging device
could be used to extract forces using a fit to the master
curve shown in figure 6c of the form
Fpp(x, y) = β
Im(x, y)
a
b
(14)
where a and b are constants. The value of the power
that best fit the data over the entire force range was
found to be a ≈ 3. This corresponds to 13 power law
dependence for the intensity/force relationship shown in
the fit in figure 6c. This is clearly different to the 23
power law dependence that is predicted by the simplified
form of the light scattering theory. However, it is worth
recalling that equation A5 is only valid in the limit of
small contact forces. It is therefore not surprising that
a different power law can be used to parameterise the
intensity/force response over the entire range of forces
studied here.
The parameter, β , in equation 14 contains information
about the dependence of the scattering intensity upon
the Young’s modulus of the contacting object as well as
details about the local density of scatterers and infor-
mation about the optical response of the material at the
wavelength used to excite the waveguide (632 nm). In
the case of the polyurethane punch, the value of β was
arbitrarily set to a value of one and all other β values for
the different materials were scaled relative to this value.
The calibrated waveguide was used to measure the
contact beneath a number of polyurethane foam rub-
ber and white rubber hemispheres with different colours,
sizes and mechanical properties (see table I and inset
figure 7). These samples were chosen because the pres-
sure distribution beneath a contacting sphere has a non-
uniform, but well-defined radial dependence. The hemi-
spherical samples were therefore used to determine if the
optical technique can be used to reliably measure the
forces/pressures beneath objects with more complicated
geometries than the simple flat punch used in the cal-
ibration measurements. In each case, the hemispheres
were pressed into contact using an axi-symmetric load-
ing technique and the force measured by the load cells
was recorded at a rate of 200 samples per second. Im-
ages of the contact regions between the spheres and the
waveguide were also measured at the same time points
as the force by collecting movies of the evolving contact
regions at 200 frames per second. The collection of the
movies was triggered at the same time as the load cells
to ensure synchronisation of the two measurements. The
intensities at each position in the grey scale images were
then used to extract values of the optically derived force
at each position, via equation 14.
The total optically derived force, Fopt, was then cal-
culated by summing over all the pixels in the contact
region, such that,
Fopt = ΣFpp(x, y) (15)
The top panel in figure 7 shows a plot of the optically
derived force as a function of the force measured using the
load cells for a number of the materials described in table
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TABLE I: Properties of the materials used in the FTIR imaging contact mechanics studies (see text)
Ball Type Diameter (mm) Force Scaling Factor (β) E (kPa) Measured Density (kgm−3)
Yellow PU Foam 90 ± 1 0.1333 48 ± 5 70 ± 2
Orange PU Foam 90 ± 1 0.1577 98 ± 8 73 ± 2
Pink PU Foam 70 ± 1 0.1667 102 ± 6 101 ± 3
Green PU Foam 70 ± 1 2.8 197 ± 5 105 ± 3
White Rubber 38 ± 1 0.05 156 ± 2 1080 ± 20
I. The value of β was initially arbitrarily set to one for
all the materials studied to determine how changing the
optical properties influenced the relationship between the
optically derived force and the force measured using the
load cells. For all of the materials studied, the optically
derived force was found to be linear in the load cell force
and the gradient of the plots was found to be different
for each material. The inset in the top panel of figure 7
shows a plot of the rescaled optical force vs load cell force.
In each case, the curves were scaled by a parameter, β, in
such a way that the value of the optical force was equal
to that of the load cell force (see table I). The bottom
panel in figure 7 shows plots of the reflectance spectra of
the different ball materials that were measured using an
Ocean Optics Red Tide USB spectrometer. This plot also
shows the spectral response of the LEDs that were used
to excite the waveguides and identifies the spectral region
that is important for understanding the light scattering
response in these experiments. The inset also shows a
plot of the β parameter that was used to rescale the op-
tical force data as a function of the reflectance measured
from each surface at 632nm. What is apparent from these
data is that materials which scattered strongly in the re-
gion of the visible spectrum close to the excitation wave-
length of 632 nm were found to have smaller values of β,
while materials that did not scatter strongly were found
to require significantly larger scaling values. This con-
firms that there is a strong correlation between the β
parameter and the optical properties of the ball in ad-
dition to any other contributions from Young’s modulus
and scatterer concentration. The data obtained from the
samples that demonstrated weak scattering in the LED
spectral region also contain significantly more noise. This
suggests that choice of appropriate waveguide excitation
wavelengths is therefore be important for obtaining the
best scattering response from materials of a given colour.
The fact that all the curves in figure 7 vary linearly
with the load cell force confirms two things about the
FTIR imaging technique. Firstly, the intensity/force re-
sponse (per pixel) is independent of the shape of the
contacting object being pressed into the waveguide. Sec-
ondly, the shape of the Ipp versus Fpp curves is the same
for each different material, but with a sensitivity that is
detemined by the physical properties of the contacting
material. These combined effects suggest that other con-
tacting objects with different and more complex geome-
tries can be studied using the FTIR imaging technique if
a simple calibration is performed to determine the value
of the β parameter for each new material.
To further test these ideas, the contact imaging tech-
nique described above was used to extract information
about the spatial distribution of forces/pressure beneath
the contacting hemispheres. The pictures shown in the
insets in figure 8 show the variations in intensity in the
grey scale images that were collected from the contact
regions between a 90mm diameter orange polyurethane
foam hemisphere and the waveguide surface. These were
collected at different applied loads during an axisymmet-
ric loading experiment. As these images show, the in-
tensity is higher in the centre of the contact regions and
decays radially outwards.
Equations 13 and 14 were used to convert the intensity
values in these images and to extract the force exerted on
each pixel. These values were then divided by the area of
a pixel and radially averaged to produce the plots shown
in the main panel of figure 8.
As these plots show, the radially averaged pressure de-
cays away from the centre of the contact regions. The
solid lines in the main panel are fits to the radial pres-
sure distribution, P (r), using the functional form pre-
dicted by the Hertzian contact theory for a sphere being
pressed into a flat hard surface [15],
P (r) = σo
(
1−
( r
a
)2) 12
(16)
where σo is the pressure at the centre and a is radius of
the contact region. The agreement between the data in
figure 8 and the fits to equation 16 is good and indicates
that the FTIR technique is indeed capable of extract-
ing information about spatial variations in the contact
forces/pressures beneath objects with non-planar geome-
tries.
Measurements of the total optically derived force ob-
tained from the contacting hemispheres were also used to
try to extract information about the mechanical proper-
ties of the different hemisphere materials. Figure 9 shows
plots of the optically derived force (after correction by the
material dependent β factor) as a function of the cube
of the contact radius, similar to those shown in figure
2. This was repeated for all the hemispheres described
in table I. According to Hertzian contact theory (equa-
tion 9), such plots should be linear with a slope that is
proportional to the Youngs modulus of the sphere and
inversely proportional to its radius. The slopes of the
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FIG. 7: Variation of the optically derived force with the
force measured by the load cells. Panel a) shows data
taken from a soft white rubber hemisphere (circles), as
well as green (diamonds), yellow (crosses), pink (trian-
gles) and orange (square) foam rubber hemispheres. The
colour of the data points correspond to the colour of the
hemisphere used in each experiment (see table I). The
inset in panel a) shows the same data after it has been
rescaled by a material dependent parameter, β (see text).
The second inset shows a photo of the balls used. Panel
b) shows normal incidence reflectance spectra for each
of the materials. The data sets are coloured according
to the scheme used in panel a). The red line shows the
(scaled) spectral response of the LEDs that were used to
excite the waveguide. The inset shows a plot of how the
β parameter varies with the reflectance measured at the
peak emission wavelength of the LEDs.
curves shown in figure 7 were used in combination with
the data given in Table I and fits to equation 1 in order
to extract the Youngs modulus, E, of the ball materi-
als. The resulting values of E are also summarised in
table I. When calculating the Youngs modulus of each
material, a value of 0.5 was used for the Poisson ratio.
This value is consistent with that of most rubbers [25]
and was deemed to be a suitable choice for the samples
studied here. As expected, the Youngs modulus values
FIG. 8: Radial pressure distribution beneath a hemi-
sphere. The main panel shows plots of the radially av-
eraged pressure extracted from FTIR contact images of
the orange hemisphere (shown as insets). The data points
show the pressure values that were extracted from the im-
ages when the total applied force was 3.4±0.1N (Green),
5.1 ± 0.1N (Blue) and 10.7 ± 0.1N (Red). The borders
on the images are colour coded to match the datasets.
The solid lines are fits to the form of the pressure distri-
bution that is predicted by the Hertzian contact theory
(equation 16).
obtained from these experiments were found to increase
with increasing density of the foam and to be consistent
with those measured for similar materials [26].
Having developed confidence in the ability of the FTIR
technique to measure the force/pressure distribution be-
neath more complex objects, the larger waveguide was
used to image the interactions between a bare foot and
its surface (figure 10a) as well as a shoe outsole and its
surface (figure 10b) during foot strike events. Movies of
the contact regions were obtained at 100 frames per sec-
ond as one of the authors stepped up on to the surface
of the waveguide. Examples of the movies that were col-
lected are included in Video 1 and Video 2. The colour
movies/images that were acquired using the camera were
background corrected and the grey scale intensity used to
calculate the force exerted on each pixel using equation
14. Movies showing maps of the force distribution ex-
erted beneath the foot and shoe were then generated us-
ing the calculated force values for each pixel (see Video1
and Video 2 for examples of movies and figure 10 for
individual movie frames). The total force was then de-
termined by summing the optically derived forces over
all the pixels (equation 15). This was plotted on the
13
FIG. 9: Hertzian contact mechanics. Data are shown
for the total optically derived force, FOPT , plotted as a
function of the cube of the radius of the contact region.
Green, yellow, pink and orange foam rubber hemispheres
and a white rubber hemisphere were used in these experi-
ments. The data points are coloured to match the colour
of the hemisphere used. The solid lines are fits to the
first term of the Hertzian contact equation (equation 1).
A summary of the results of these fits is given in Table I.
same axes as the force measured using the load cells as
a function of time. Figure 10 shows that the measure-
ments of the total optically derived force and the load
cell force are in good agreement. The individual movie
frames also provide detailed information about how the
load was distributed beneath the foot and shoe at each
time point.
This final set of experiments demonstrates the versatil-
ity of the FTIR based force sensing approach as a means
of acquiring dynamic information about the changing
force/pressure distributions between a contacting object
and a waveguide surface. The design of the waveguide
imaging apparatus is extremely simple - requiring only a
piece of perspex, some LEDs and an inexpensive (≈ 400
GBP) camera - and can be incorporated easily into a
number of different experimental geometries and envi-
ronments. There are numerous potential applications for
the FTIR force sensing technique including the develop-
ment of touch screen sensors[9], as a measurement tech-
nique for the mass customisation of footwear, as a diag-
nostic tool for the development of new orthopaedic, or-
thotic and prosthetic devices, or the measurement of the
pressure distribution beneath tyres [13]. There are also
numerous other applications in science and engineering
including the charactersation of the mechanical proper-
FIG. 10: FTIR imaging of footstrike events. Panel a)
shows the variation in force exerted on the larger waveg-
uide (see text) when one of the authors stepped up onto
the FTIR imaging platform barefoot. Panel b) shows
the variation in force when the same author repeated a
similar experiment wearing a sports shoe. In both cases
the blue lines represent the total force derived from the
FTIR light scattering measurements and the red lines are
the measurements obtained using the load cells. The col-
ormap images give details of the local load distribution
beneath the foot and the shoe respectively at different
times. The colormap legends (right) show the equiva-
lence between the colours and the local force detected in
each pixel. All data was acquired at 100 frames/samples
per second.
ties of materials (see figures 2 and 9), measurements of
cell adhesion [27] as well as insect [8], animal [7] and hu-
man gait studies [11, 12]. In each case, the optics and
imaging element can be tailored to the application with
relative ease.
One potential limitation of the FTIR imaging tech-
nique lies in the fact that intensity/force response needs
to be calibrated and the β value determined for each new
material. If a contacting object is multi-coloured, or if it
is made of a composite of materials with different Young’s
moduli then extracting meaningful force/pressure mea-
surements could be difficult. The effects of having multi-
coloured objects are probably less of a concern if a pro-
totype or mock-up of the contacting object can be made
out of material having just a single colour. In the case
of black materials (which scatter very little visible light)
it is possible to excite the waveguide with infrared (IR)
LEDs and to use an appropriate IR sensitive camera to
image the contact regions. Having materials with dif-
14
ferent Youngs moduli contacting the waveguide simulta-
neously would be more difficult to deal with and would
require the development of more sophisticated measure-
ment techniques and software analysis tools.
Application of the model presented above may also
lead to a potential limitations if, for example, the con-
tacting material has a higher refractive index than the
waveguide. In this case, a modified version of the the-
ory with an exponentially decaying intensity caused by
scattering/attenuation of light transmitted into the con-
tacting object would need to be used (as discussed previ-
ously). In addition, the theory described above assumes
that the contacting object is more compliant than the
waveguide surface. While this applies for all the systems
studied here, the assumptions made in deriving the equa-
tions will start to break down if the contacting material
has a Young’s modulus that is comparable to, or greater
than the waveguide material. Moreover, if the contact-
ing material is made of a composite containing struc-
tures with different mechanical and optical responses this
could make analysis of the data difficult. Under these cir-
cumstances, a simple average of these physical properties
could be used to model the data (or be extracted from
it depending upon the details of the experiment being
performed). However, spatial variations in mechanical
and/or optical properties within the contacting material
could give rise to erroneous results if not properly ac-
counted for. A priori information about the contacting
material such as its mechanical properties and optical
properties are necessary to utilize the model to obtain
detailed quantitative comparisons with experimental re-
sults. However, these properties can be encompassed by
a simple determination of the calibration factor, β, if the
device is to be used simply as a pressure/force measure-
ment tool (see above discussion). Even though this pa-
rameter needs to be determined for every material, it is
relatively easy to extract from a single, simple loading ex-
periment when using contacting materials with uniform
mechanical and optical properties.
IV. CONCLUSIONS
Frustrated total internal reflection imaging was used
to measure the load/pressure distribution beneath soft
objects when they contact a waveguide. The intensity
response was shown to have a similar shape for contact-
ing objects with different Young’s moduli, surface rough-
ness values and colours. In each case the intensity/force
response curves were found to have a similar shape but
to have a slope that was determined by a combination
of these different factors. A theory was developed to
explain the dependence of the light scattering response
on the applied force and the physical (optical and me-
chanical) properties of the contacting materials. The ex-
periments and theory developed in this work show that
the scattered light intensity/force response can be cali-
brated so that each pixel on a camera can effectively be
used as force sensor. The work here demonstrates that
the measured force/pressure response is capable of repro-
ducing the pressure distribution that is exerted beneath
non-uniform contacting objects such as hemispherical in-
denters. The work also demonstrates that it is possible
to map the load distributions beneath objects with more
complicated geometries such as human feet and shoe out-
soles and that the optically derived forces are in good
agreement with forces measured by load cells.
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Appendix A: Simplified Scattering model
A simplified version of the scattering theory presented
here can be made by approximating the strain field in the
region of contact between an asperity and the waveguide
surface. The functional form of z can be made more
simple by assuming that the strain is related to the local
displacements at the surface of the asperity , uz such that
z ∼ uz
R
=
3F
(
1− ν2)
8ERa3
(
2a2 − r2) (A1)
where the displacements at the interface are deter-
mined using Hertzian contact theory [15] and all other
parameters are as defined in the main text.
In this case, the total scattering is given by combining
equations 2 , 3, 4 and A1 such that integration gives
an expression for the scattering intensity from a single
asperity as
Is =
16pi4Ioα
2(1 + cos2 θs)φo
λ4D2
∫ ∞
0
exp
(−4pino cos θrz
λ
)
dz
∫ a
0
r
1− (1− 2ν) 3F (1−ν2)8ERa3 (2a2 − r2)
dr (A2)
These integrals have an analytical solution which is given by
Is =
4pi4Ioα
2(1 + cos2 θs)φo
λ3D2 (1− 2ν)no cos θrR
2 ln

1− (1−2ν)2
(
3F(1−ν2)
4ER2
) 2
3
1− (1− 2ν)
(
3F (1−ν2)
4ER2
) 2
3
 (A3)
where again the substitution
a =
(
3FR
(
1− ν2)
4E
) 1
3
has been made. The force and intensity per pixel can
be approximated using the expressions
Fpp = F
Ap
4R2
Ipp = Is
Ap
4R2
such that
Ipp =
pi4ApIoα
2(1 + cos2 θs)φo
λ3D2 (1− 2ν)no cos θr ln

1− (1−2ν)2
(
3Fpp(1−ν2)
EAp
) 2
3
1− (1− 2ν)
(
3Fpp(1−ν2)
EAp
) 2
3
 (A4)
In the limit when Fpp is small, i.e. when Fpp <<
EApp
3(1−ν2) , equation A4 can be expanded to give a sim-
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ple power law dependence of the scattering intensity per
pixel on the force exerted per pixel.
Ipp =
pi4ApIoα
2(1 + cos2 θs)φo
2λ3D2no cos θr
(
3Fpp
(
1− ν2)
EAp
) 2
3
(A5)
This equation predicts that the scattering intensity per
pixel should be independent of the radius of the surface
asperities and be sensitive to the Young’s modulus of the
surface asperities. This appears to be consistent with the
observations shown in figures 3 and 4 .
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Video 1. Composite movie showing raw FTIR image data
(top panel) , background subtracted data (middle panel)
and calculated force data (bottom panel) during a foot-
strike event involving a bare foot.
18
Video 2. Composite movie showing raw FTIR image data
(top panel) , background subtracted data (middle panel)
and calculated force data (bottom panel) during a foot-
strike event involving a sports shoe.
